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ABSTRACT 
A proposal ;s made for a design of 
the cover layers of nonvertical 
coastal structures by applying hollow 
structural elements. The respective 
cavity is oriented more or less 
parallel to the slope face and thus 
permits the inside passage of the 
down rush water of breakers. The 
purpose of the new designed structure 
is to avoid interaction processes 
between the parti c le kinematics of 
near surface water of incomplete 
standing waves in front of the 
structure and the washing movement of 
previous l y broken waves on the slope 
face. The effectiveness of such a 
working principle ;s traced back to a 
selective ref'7ection effect, realized 
by model investigations. Applying 
this new type of elements, slopes can 
be designed steeper and/or crown 
heights lower. 
INTRODUCTION 
Transfer mechanisms of wave induced 
loadings on sloping structures 
represent one of the most important 
topics of coastal and harbour 
engineering research activities since 
man y yea rs. 
There are several phenomena known to 
be respons ible for failures of 
revetment structures: periodicall y 
differing pressure fields on both 
sides of revetment elements, impact 
forces due to breaking waves, wave 
run-up and overtopping, up- and 
down rush velocities etc .. All of them 
are dominated by the breaker height. 
There is, however, a phenomenon 
aff'ecting the breaker height, which 
has not been considered sufficiently 
in the past: 
The interacti on processes between 
the washing movemen t on the slope 
·Prof . Dr .- Ing . of Civil Engineering, 
Fluid Dynamics Laborator y, 
Artilleriestr.9, 4950 Minden, Germany 
face and the wave induced particle 
movement in front of it . 
To the author's knowledge up to now 
no structure has been designed so far 
with the objective to influence the 
above mentioned effect in such a way 
that wave induced forcei and/or wave 
run-up heights on the structure will 
be minimized. 
PHYSICAL PHENOMENON 
The assumption is made that the 
movement of the mass of water in 
front of a sloping structure (s uc h as 
seawalls, revetments, groins, jetties 
and breakwaters) can be regarded as 
an oscillating continuum, charac-
terized by different natural frequen-
cies according to the actual geo-
metric bounderies (water depth, slope 
angles) . In this arrangement the 
source of exci tation is realized in 
the waves coming from sea, and the 
different degrees of freedom are 
represented - on the one hand - by 
the deflect i ons associated with a set 
of individual partial standing waves 
( part ial c lapot is ) and - on the other 
hand - by the washing movement due t o 
run-up and run-down of broken waves 
on the slope face. The total 
oscillating system is being assumed 
to be similar to an elastic chain 
consisting of several oscillators 
with different natural frequencie s . 
PROPOSAL 
In any coupled oscillating system the 
influence on one degree of freedom 
has an effect on the remaining 
degrees of freedom. Hence, the author 
has proposed to separate the washing 
movement from the remaining flow 
field in order to avoid interaction 
processes between them (BOsching, 
1991)[1]. As a matter of principle 
this can be achieved by double 
sheathing structures, consisting of 
an inner a nd an outside coverlayer 
with a cavity between them. 
Fig . l shows the axionometrical view 
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of the principle arrangement of a 
hollow structure, forming an 
integrant structural element of a 
sloping structure per unit meter 
shorel ine. 
In Fig.2 a vertical cross section of 
a coverlayer configuration is shown 
completed by a sheathing structure 
and Fig. 3 contains the principle 
arrangement of hollow structural 





Fig.l: Cavity per unit meter as an 
Integrant Part of a Sloping 
structure 
2 
Fig.2: Sheathing above Ex isting 
Cover Layer 
Accordingly the respecti ve c a vi ties 
consist of holl ow structural 
elements, which are at least partl y 
closend on their circumference and 
thus permit the inside passage of the 
down rush water of breakers. 
In paticular such arrangements allow 
the water , after breaking being 
present above the edges ( 1.1 ) , (2.1) 
or (3 .1) , to be led back below 
reference wat er levels ( 1.2 ), (2.2) 
or (3.2). 
Fig .3: Partl y Permeable Sheathing 
above Exi sting Cover Layer 
As has been proved by model 
i nvestigations , such a device is 
s uitable not only to reduce breaker 
heights and run-up he i ghts but also 
t o influence the breaker . type and its 
position on the slope face . 
STRUCTURAL PERFORMANCE 
New designs of coastal or habour 
structures can be based on the 
jntegrant arrangement of cav i ties t o 
be oriented more or less parallel to 
the slope face . 
On the other hand prefabr i ca ted 
cavity structures. to be fi xed to 
existing supporting structures, can 
often provi de a more e conomomi cal 
solution. In both cases it is , 
however, easy to meet the coincident 
reQuirements of permeable or 
impermeable revetmen ts ( perpendicular 
to the s lope face). 
Hollow revetment elements - whether 
partl y open at their upper and/or 
bottom sides or closed at an y side -
can be made of concrete, steel o r 
compound materials, even by the use 
of synthetic mate r ials. 
Ho llow concre te elements preferabl y 
can be used for the cover layers of 
revetment structures. In the case of 
breakwaters o r similar structures 
bigger size ho71ow armour un i ts can 
be designed, simultaneously forming 
the basic supporting system. 
From the large var i ety of proposals 
contained in the respective patent 
documents (Busching,1989[2], 1990[ 3], 
1991)[4] two examples only are 
outlined briefly below. 
HOLLOW CONCRETE REVETMENT ELEMENTS 
The use of struc tural elements , made 
of concrete, in general s hould be 
restricted to highly loaded 
partitions of dike or sloping harbour 
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structures only. Thi s objective can 
easily be met in using hollow 
revetment elements, as they are 
required in the vicinity of the 
design water level only. 
With respect to the working function, 
however, the moulding of the inlet 
openings and of the cross-sectional 
area of the tubular members are 
essential . In order to prevent 
possible blockages the cross-
sectional area has to be increased, 
according to the hydraulic 
requirements. In this context it has 
to be pointed out that the system 
disposes of a mechanism acting 
against blockages: 
If a partial blockage occurs this 
will result in a malfunction of the 
system. In this case the system 
responds with encreasing amplitudes 
in its pronounced degrees of freedom 
- say increasing wave heigts and 
increasing washing movements on the 
slope face. This effect attributes to 
the instationary process counterac-
ting sedimentation and consolidation 
anyhow . Moreover there is an 
influence resulting from the altitude 
level of the lower edge of the hollow 
structure relative to a limiting 
level, up to which wave run-up can 
act in the sence of a flushing 
movement. 
The later effect can be intensified 
by an appropriate moulding of the 
lower edge of the hollow structure. 
4 .\ 
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Fig . 4 : Swash Openings in the Upper 
and the Lower Part of a Hollow 
Revetment Structure 
An adequate moulding can bee seen 
from Fig.04.: Near water levels (4.1) 
(design level) the openings (4.2) 
support the inlet of backrush water, 
whereas during periods of lower 
(tide-)water levels (4.3), near the 
lower edge of the hollow structure, 
the openings (4.4) support the inlet 
of the uprush water. 
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Fig.S: Hollow Concrete Revetment 
Element; Plan View (A), Side 
View (8), Upstream View (C), 
Downstream View (D) 
r- E 
~E 
Fig.S: Plan View of Interlocking 
Hollow Concrete Revetment 
Elements 
Abb.7: Sectional View of Interlocking 
Hollow Concrete Revetment 
Elements 
Fig.5 shows a hollow concrete 
revetment element with corresponding 
mouldings at its upstream and 
downstream ends. As to be seen from 
Fig.S the mou1dings are of such a 
kind that interconnections exist 
between every 5 concrete elements. 
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In order to support the inflow of 
water, the top sides (5.1) of the 
elements are inclined. 
Fig.7 shows an arrangement of such 
elements placed on a slope 
homologously. The same elements can 
be used for a configuration similar 
to that described in Fig.4. However, 
an additional element has to be used 
to fit in the joint area. 
Fig.B: Prototype Scale Models of 
Holl ow Concrete Elements 
In Fig.S alternative hollow concrete 
elements are shown to be used for 
permeable cover layers: After wave 
breaking a considerable part of the 
water masses, present on the 
breakwater, is at first transferred 
into the structure. As the outflow 
from the structure takes place below 
the water level and moreover the 
phase lag is changed, the respectlve 
interaction with the near surface 
particle kinematics of the following 
wave often is reduced. 
It can, however, be supposed that the 
total loading conditions will be 
improved further more by a more 
efficient (uniform) drainage system. 
Hence, also hollow armour units , 
containing efficient hydraulic cross 
sections should be taken in into 





tests on a natural scale, being A ftj: ~ performed at the breakwater site of the harbour entrance of Baltrum Island/North Sea. 
In addition, the pos itive side effect 
of an increased air entrainment can 
be studied here. It can be supposed 
that this effect on the one hand will 
diminish the probability of shock 
pressures, and on another can improve 
the near slope water Quality. 
HOLLOW ARMOUR UNITS 
It is well known that reflection from 
sloping breakwaters becomes less when 
the permeability of cover layers 
(consisting of Tetrapods, 001055e, 
Tribars, Quadripods, Seabees or 
similar armour units) has been 
increased. From this fact it can be 
concluded that the positive effect of 
such structures is not on1y due to 
the energy dissipation processes 
taking place in the different parts 
of the breakwater, but also the 
interaction processes described above 
appear to be reduced in such 
;J 
Cl 
Fig.9: Breakwater Constructed by 
Hollow Armour Units 
Fig.9 shows in its upper part the 
cross section A-A and in its lower 
part the plan view of a breakwater 
structure composed of hollow armour 
units. In order to prevent wave 
induced currents through the 
structural the armour units are 
filled up with a suitable material in 
the core section. Similar material 
can also be filled into the units of 
the harbour side slope, whereas the 
armour units at the ocean side remain 
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empt y i n o rder t o permit the favoured 
in s ide passage of the do wn rus h water . 
F i g.l 0 : Ho ll o w Conc rete Armour Un it 
Composed of two Compo nen ts 
The st ru c tu r al elemen t o f the break-
water con t ained in Fig.9 i s t o be 
s e e n i n the midd le par t o f F i g . l 0 . 
This c a n be mo ulded o n the whol e b y 
r einfo r c ed conc re t e; preferably it is 
composed , ho wever , fr o m the compo-
nen ts p l a c ed o n its left and o n its 
right hand si de s . Apparentl y the 
Fig.ll: Binding Ef f e c t o f Hollow 
Co ncrete Armo ur Un i t s 
e xe c uti o n o f s uc h a c onstruct ion wi ll 
r e qui r e a highe r degree of accuracy 
t han r a ndo m plac ing o f many o ther 
a rmo ur units. On the o ther hand there 
a r e a d vantages res ul t ing f r o m the 
fact that wa ve abso rpti o n is mo re 
e f fe c t i ve, s lopes c an be perfo rmed 
s teeper , c r o wn heights lower and the 
demand f or weight o f the individual 
armour un it i s reduced. In parti c ular 
t he b inding e f fe c t between the units 
appe ars t o be improved; the pull i ng 
o u t of si ng le u n its - a s known from 
Tet rapo d s - seems no t to be a rel e -
van t ma tte r of atte nt i on , s ee Fig . 1 1 . 
MODEL INVESTIGATION S 
Mo de l i n ve s t i gati o ns ( sca le 1 :5) o f 
s l o pes i nc 1 i ned 1 : 6 ~ 1: n ~ 1 : 1 . 7 I 
are be ing performed i n the Hyd r a u l ic 
Labo r a t o r y of Biel efeld Uni v . for 
Appl i ed Sciences. The scope o f th is 
pa r ti c u l ar presentati o n is li mi ted to 
s o me i nfo rmat ion on the setup and o n 
the results with re s pec t to irregu l ar 
waves a c t ing on s l o pes l : n = 1 :3 
o nl y . The enti re results wi l l be 
presented i n de tai l i n an addit ional 
publ ic a t i o n ( BUsc h i ng, 19 9 2) [ 5 ] . 
ODEL SETUP 
The pa rt i c ular mo del arran gement i s 
o ri e nted a t pro t oty pe condi tions cor-
re s po nding to the habour e n tranc e of 
Baltrum I sl and / Noth Sea . Here an 8 m 
high brea kwater is unde r const ruc t ion 
i n a wa te r depth of abou t 4. 5 m 
( MHW ). The o bj e c ti ve o f the break-
water is t o prevent waves f rom the 
ha rbour e ntrance and further mo r e t o 
reduc e reflections i n the harbo ur . 
Therefo re i t was dec i ded t o c ar ry o u t 
rather comp r ehensi ve i nve sti gat ions 
compr is ing impermeable smooth sl o pe s 
a nd such equipped with a hollow 
re ve tment configuration t o be s een 
f r o m Fig .1 2 . 
-
Fig.1 2: Model o f Ho llow Slope 1:3 t o 
Be Tested for t he Harbo ur 
Entranc e of Ba l trum I s land 
The meas urements, this pub li cati o n i s 
based o n, have been carried o ut by 
Blees and StUhmeier ( 1991 ) [ 6 ] . 
Bec a use o f the water depth cond i t ions 
t o be cons idered in the mode l , a n 
i nput wave s pec t r um was us ed , si mi l a r 
to those measured near the b r ea ker 
z o ne o f Syl t Island / Nor th Se a 
( BUsch i ng , 1976) [7]. Henc e , i n the 
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model input spectrum the energy den-
sities are concentrated around a 
median frequency f = 0.56 Hz. 
In order to get more detailed 
informati on on water level deflec-
tions at some distance from the 
structure, the tests have been 
carried out comprising 90 wave probe 
stations equally spaced 10 cm in a 
line in front of the slope structure. 
RESULTS 
In the following the contents of a 
few graphs will be explained briefly . 
Values shown refer to the model 1:5. 
In particular the values of the inte-
grated spectrum area [p*Hz], repre-
senting wave energy, contained in the 
individual response spectrum at the 
respective probe stations, have not 
yet been transferred to values of 
[m' / HzJ. 
As expected, it can be seen from 
Fig.13 that the total wave energy , 
contained in the frequency range 
0.03 S f S 1.4 Hz, has its maximum in 
the breaker zone. This maximum is, 
however, followed by a steep drop to 
a minimum near the foot of the slope. 
Further away from the slope face the 
energy content oscillates almost 
periodically with the distance from 
the slope (upper curve) . 






Plotting the energy contents of 4 
adjacent narrow frequency ranges (as 
specified in the graph) with the 
distance from the slope, rather 
smooth curves are found, resembling 
the time history of a free vibration 
of a damped mechanical system. Hence, 
from these curves the coincident 
presence of different partial stan-
ding waves in front of the slope can 
be inferred, see further below. 
Reflection coefficients, e xtracted 
from those curves, are to be seen in 
Fig.14. The respective graphs for the 
slope with the hollow revetment 
configuration are shown in Fig.15 and 
Fig.16. In order to give an overall 
inpression on the efficiency of the 
hollow revetment structure versus a 
smooth structure, Fig.17 presents 
spectral mean reflection coeffi-
cients. That reflection coefficients 
result from those, shown in Fig.14 
and Fig.16 respectively, " by averaging 
with weighting factors according to 
the energy content of the attributing 
frequency components. 
CONCLUSIONS 
Comparing the upper curve of Fig.13 
to that of Fig . 15 it can be stated, 
that the most important effect of the 
o~~~~~~~~~~~~ 
o 1 2 3 4 5 6 7 8 9 10 
GAUGE DISTANCE FROM SLOPE [m[ 
0.03 1.40 Hz 
-e- 0.48 - 0.56 Hz 
SWL \Slope 1,3 
-+-- 0.56 - 0.62 Hz 
-- 0.42 - 0.48 Hz 
--.;; . 0.62 - 0.71 Hz 
Fig.13: Upper Curve: Total Spectrum Energy with Distance from a Smooth Slope; 
lower Curves: Content of 4 adjacent frequenc y bands 
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Fig.14; Reflecti on Coefficients with Distance from a Smooth Slope 1 :3 





1 2 3 4 5 6 7 8 9 
GAUGE DISTANCE FROM SLOPE [rnl 
0.03 - 1.40 Hz 
~ OA8 - 0 .56 Hz 
SWL \Slope 1:3 
-+- 0 .58 - 0 .62 Hz 
0 .42 - 0 .• 8 Hz 
. 4' - 0.62 - 0 .71 Hz 
10 
Fig . 15: Upper Curve: Tota l Spectrum Energ y with Distance from the Hollow Slope; 
Lower Curves: Content of 4 adjacent frequency bands 
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-><--- 0.36 - 0 .42 Hz 
-+- 0.56 - 0.62 Hz 
4 6 8 
DISTANCE FROM SLOPE (rn) 
0.42 - 0.46 Hz 
--+- 0.62 - 0 .71 Hz 
--e- 0.48 - 0.56 Hz 
--+- 0 .71 - 0.79 Hz 
Fig.16 : Reflection Coeffi c ients with Di s tan ce from a Hollow Slope 1:3 
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-..- SMOOTH SLOPE -B- HOLLOW SLOPE 
Fig.17: Weighted Mean Ref l e c t i on Coefficients with Di stance from a Slope 1:3 
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investigated hollow structure con-
sists in the reduction of the total 
breaker energy to about 60~. 
Furthermore, the analysi s of the 
curves below, representing the wave 
energy contained in adjacent 
frequency ranges, reveals a basic 
principle: 
It can be inferred from the periodic 
property of those curves that each ef 
them is associated with an individual 
partial standing wave (partial clapo-
tis) . In this presentation of the 
energy contents with distance from 
the slope the maxima correspond to 
the anti nodes and the minima to the 
nodes of such partial clapotis. 
Since refraction does not occur in 
the two-dimensional wave tank, the 
significance of the minima can be 
attributed predominantly to the rate 
of energy dissipation . 
Moreover, with regard to the phase 
relationship of nodes and anti nodes 
of the superimposed individual 
partial clapotis, it can be seen 
clearly that the respective distances 
from the line of intersection of the 
stillwater level with the slope face, 
are larger the longer the attributing 
frequency components are . This 
phenomenon can, however, easily be 
e xplained considering an irregular 
wave train moving towards a sloping 
structure. As the boundary of the 
slope becomes effective to longer 
frequency components earlier than to 
shorter ones, the same is also true 
to the phenomenon of reflection. 
Hence, summarizing it can be 
stressed: 
Contrary to the refract ion of a 1 i ght 
spectrum into spectral colours by a 
prism of dispersion, a similar 
splitting up of frequency components, 
contained in a gravity wave spectrum, 
occurs due to a kind of selective 
ref'lection from a sloping structure. 
All of these findings imply many fea-
tures that can not be discussed here 
in detail. This will be done in the 
forthcoming paper [5] , in particular 
with regard to the anomalous disper-
s ion effect found by the author pre-
viously [8]. It can, however , be 
stated that the idea, the author 
started from, indeed has turned out 
to be a matter of relevance. The 
washing movement on the slope face 
together with the individual partial 
standing waves can be considered to 
form a coupled oscillating system. 
Thi s system, assigned by different 
degrees of freedom, can be affected 
by influencing the washing movement 
on the slope face. 
Comparing the reflection coefficients 
( Fig . 14, Fig. 16 and Fig . 1 7) a si g-
nificant reduction is found with re-
spect to all the frequenc y ranges 
evaluated. It is, however, apparent 
that the relati ve rate of reduction 
is stronger on the higher freQuencies 
than on lower ones. That means that 
the coupling mechanism with the 
washing movement is rather spoilt 
than energy dissipation is induced at 
those frequencies. As this is Quite 
contrary to the increase of energy 
densities in surf spectra (due to 
turbulent mi xi ng at the wave breaking 
process ) (BQsching. 1976)[7] , this is 
another indication that the presumed 
interaction effect indeed is a promi-
nent feature. Further evaluations are 
being performed with respect to 
different sTope angles. 
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